ABSTRACT 1 Sediment cores (ca. 6 m) from an estuarine environment gave insights into the composition 2 and preservation of recalcitrant organic carbon (OC) in the environment. The coring locations 3 provided organic matter (OM) of terrestrial and of marine origins. Our study specifically 4 focused on the humin (HU); the OM fraction that is most difficult to isolate and to 5 characterise. HU fractions were compared with the total OM recovered after removal of the 6 associated mineral colloids. 7
Introduction

20
Microbial degradation of organic matter (OM) releases energy-rich (carbohydrates, peptides, 21 lipids) compounds for microbial metabolism and essential elements (C, H, N, O, P, S) 22 required for the proliferation of both micro-organisms and plants. However, some biological 23 compounds have a degree of resistance to degradation, and can be preserved in the geosphere 24 for thousands of years (Prentice and Webb, 2010) . Our investigation sought to identify the 25 composition of the recalcitrant humin structures that are part of the sedimentary C sink. 26 Humic substances (HSs), the major components of the OM in soils and in some 27 sediments, have been studied for centuries in order to understand their contributions to soil 28 fertility and to environmental processes and reactions. In the classical concepts, HSs are 29 composed of three operationally defined fractions: (i), humic acids (HAs) The sediment coring location was chosen due to its geographical location; it is in 37 proximity to the main land of Ireland, and the aquatic environment is described as brackish. 38
Inputs from terrestrial, lacustrine, and marine sources were anticipated. The depth of the 39 sediment cores below the sea floor (Table 1) allows assessments of changes to the organic 40 materials that have taken place over time. The OM from the oldest sediments would be 41 2 expected to represent the most recalcitrant components. Two cores at different locations (Fig. 42 1, Table 1 ) were studied in order to observe OM compositional differences. 43 The OM in the clay-sized fraction that was not extracted with aqueous-alkaline or 44 with organic solvents (e.g. clay and the demineralised clay sized fraction) is representative of 45 the compositions of the entire sedimentary OM in association with the clay. The residue that 46 remained following both the aqueous and the organic solvent extractions (e.g. soluble and 47 insoluble HU) is representative of components that were selectively preserved. Modes of 48 protection could include physical protection (e.g. material inside dormant/dead microbes or in 49 associations with minerals (Plaza et al., 2013) ), or the recalcitrance of the materials 50 themselves (e.g. plant cuticles). The effect of the extraction solvent on the OC was also 51 investigated by comparing the spectra of the OM from the clay-sized fractions with those for 52 the HU. 53
Our study has used standard and novel (nuclear magnetic resonance) NMR 54 procedures in order to gain a more comprehensive awareness of the compositions of 55 sedimentary OM. A brief review is given below of the level of information that the NMR 56 systems used can provide about the heterogeneous organic components in the sediments 57 studied. 58
NMR spectroscopy 59
The high C content of HU allows comprehensive NMR experiments to be carried out and 60 acceptable signal-to-noise (S/N) to be achieved in a reasonable amount of time. input from the River Corrib (Fig. 1) . Cumulative samples were taken from the top and bottom 93 100 cm of the cores (to provide sufficient sediment for OM extraction). The average age of 94 the samples (Table 1 ) are used to indicate the approximate age of the OM. 95
Sample preparation 96
Four sub-samples were prepared from the bulk sediment: (i), a whole (unextracted) clay-sized 97 fraction sample (clay); (ii), a (unextracted) demineralised (using 10% HF) clay-sized fraction 98 (DCF); (iii), a DMSO-H 2 SO 4 -soluble HU (SHU); and (iv), a DMSO-insoluble HU (IHU). 99
The clay-sized fraction was isolated via wet sieving and sedimentation (particles < 100 2µm). The DCF samples were demineralised (10% HF).
101
To isolate the SHU and IHU, HSs were exhaustively extracted from the sediments 102 (see Mylotte et al., 2014) . The SHU was isolated, from the clay-sized fraction of the 103 sediment, using DMSO-H 2 SO 4 (94:6 v/v; method available in Song et al., 2011). The 104 remaining solids following the SHU extraction were demineralised (10% HF) to recover the 105 IHU. 106
Elemental and ash analysis 107
Elemental compositions (C, H, N) of the organic materials were determined using an 108
Elemental Vario el Cube Analyser (Table 2) . Ash values (Table 2) were measured by heating 109 samples of known weight to 550 °C. 110
NMR analyses 111
All organic samples were ground, and dried thoroughly in a desiccator under vacuum, using 112 P 2 O 5 as desiccant. Additional sample preparation was then based on the NMR probe used 113 (Section 2.4.1). 114
CMP NMR 115
Samples (ca. 25mg) were placed in a 4 mm zirconia rotor and filled with DMSO-d 6 RAMPed-amplitude cross polarization magic angle spinning ( 13 C RAMP CP-MAS) was 140 acquired with 1024 scans and a 1 ms contact time. T 1 times were measured using the standard 141 inversion recovery approach and the recycle delay set at 5 x the measured T 1 value. Spectra 142 were processed using a zero filling factor of 2 and an exponential function corresponding to a 143 line broadening of 50 Hz. 144 1 H TOCSY spectra were acquired in the phase sensitive mode, using a mixing 145 sequence with rotor synchronized constant adiabatic WURST-2 pulses within an X_M16 146 mixing scheme (Peti et al., 2000) . Scans (512) were collected for each of the 128 increments 147 in the F1 dimension and 2048 data points were collected in F2; the mixing time was 100 ms. 148
Both dimensions were processed using sine-squared functions with a π/2 phase shift and a 149 zero filling factor of 2. 2D NOESY spectra were acquired in phase sensitive mode, using time 150
proportional phase incrementation; 256 scans and 2048 data points were collected for each of 151 the 196 increments in the F1 dimension at a mixing time of 200 ms. Both dimensions were 152 processed using sine-squared functions with a π/2 phase shift and a zero filling factor of 2. 153 1 H-13 C HSQC spectra were collected in phase sensitive mode using Echo/Antiecho-154 TPPI gradient selection. Scans (1400) were collected for each of the 128 increments in the F1 155 dimension; 1024 data points were collected in F2 and a 1 J 1 H-13 C of 145 Hz. F2 was 156 processed using an exponential function corresponding to a 15 Hz line broadening in the 157 transformed spectrum, whereas F1 was processed using a sine-squared function with a π/2 158 phase shift. Both dimensions were processed with a zero filling factor of 2. 159
Solid state NMR 160
Samples were also subjected to Cross Polarisation-Magic Angle Spinning (CP-MAS) analysis 161 in the dry state (no DMSO added). Note: that this dry solid analysis could also have been 162 carried out using a CMP-NMR probe (the CMP-NMR probe was not used due to scheduling 163 and time constraints). A 4 mm BB 1 H-X probe was used. Samples (ca. 50 mg for SHU and 164 IHU, 70-120 mg for DCF and clay (note the variability in weight reflects the "packed 165 density" of the various materials into the NMR rotors) were placed directly in the 4 mm 166 zirconium rotors and sealed with Kel-F caps. 13 C RAMP CP-MAS) was carried out with 167 4096-80920 scans (dependent on the S/N ratio per unit time from each sample). In general, 168 the well fractionated samples with high OC content were run for fewer scans and the clay 169 (non-HF treated) sample was run for the longest time. All data were acquired with a 1 ms 170 contact time and a spinning speed of 13 KHz. T 1 times were measured using the standard 171 inversion recovery approach and the recycle delay was set at 5 x the measured T 1 value. 172
Spectra were processed using a zero filling factor of 2 and an exponential function 173 corresponding to a line broadening of 50 Hz. 174 The conventional 1 H spectrum ( Fig. 2a) shows that the main signals from the SHU 189 sample arose from aliphatic methylene (CH 2 ) n at 1.2 ppm. There is also a disproportionately 190 large contribution from CH 3 (0.8 ppm), some of which arises from hydrocarbon, with the 191 remainder attributed to the terminal methyl group in amino acid side chains, a phenomenon 192 commonly seen in soils (Simpson et al., 2007a) . In comparison with the large aliphatic peaks 193 that dominate the spectrum, other resonances were difficult to resolve from the baseline. The 194 fraction of (CH 2 ) n that is mobile and able to diffuse is shown in Fig. 2b ; the CH 3 groups arise 195 in part from macromolecular or gel-like structures as these are greatly attenuated in the 196 spectrum. The DMSO peak (ca. 2.5 ppm) is strongest in the IDE spectrum ( The DE 1 H spectrum of the SHU sample is stacked with the 1 H spectrum for albumin, 204 a well studied globular protein (Fig. 3) . The resonances in the aromatic amino acid region of 205 albumin are especially similar for SHU, consistent with the presence of the aromatic amino 206 acids, phenylalanine and tyrosine. The large CH 3 peak in the albumin indicates that proteins 207 strongly contribute to the CH 3 resonances in the 1 H spectrum of SHU (Fig. 2c) . These protein 208 resonances correspond with a large N content in SHU top ( The clay sample was run only in the solid dried state (Fig. 7A) as it was predicted that 255 a useful S/N could not be obtained for the swollen state (using the CMP probe; Masoom et 256 al., 2013) in a meaningful timeframe because of the high ash content of the sample (Table 2),  257 and the presence of paramagnetic minerals. Despite the low S/N (80 K scans) the resolution 258 of the dry state spectrum is sufficient to show that the profile of the C distribution in the clay 259 broadly matches those for the HUs and DCF. The clay sample has a significant carbohydrate 260 peak (O-alkyl region, Fig. 7A ). 261
Results
The DCF sample (in the dry state) has the largest resonance for carbohydrate and also 262 has a clear protein resonance (Fig. 7A) . The carbohydrate resonance is smaller (ca. 25%) in 263 the HU fractions (SHU and IHU, Fig. 7A ) when compared with DCF (33.5%, and gain mobility (Fig. 7B) . The 165-185 ppm region (Fig. 7B) can be attributed to carboxyl 273 (in long chain lipids/fatty acids) and/or esters (present in cutan/algaenan) and amide 274 (peptides). 275
The IHU has a resonance for ordered (CH 2 ) n ( Fig. 7A ) that is larger relative to that for 276 the amorphous species (in the dry state). This can be shown definitively by comparing the 277 spectra after swelling in DMSO (Fig. 7B) . The order of the structure impedes the access of 278 the extraction solvent. This is an example of how the physical form of a material may play an 279 important role for its sequestration and accumulation in the terrestrial environment. 280 8 After swelling, spectra are better resolved; the CH 3 resonance is better defined, 281 whereas in the dry state it is present as a shoulder on the CH 2 peak (Fig. 7A ). There is a large 282 'hump' in the 50-60 ppm region of the solid state spectrum (Fig. 7A) inputs from terrestrial sources. This corresponds with a higher C/N ratio relative to the 302 younger IHU in surface sediments from Core 1 top (Table 2) . 303
Core 1 bottom SHU isolate has a CH 3 resonance that is large relative to the (CH 2 ) n 304 resonance ( Fig 9A) ; a proportion of this may be attributable to the terminal CH 3 group of 305 amino acids. Protein resonances are lost in the baseline of the conventional NMR spectra 306 (Fig. 9A ), but are clearly evident in the DE spectra (Fig. 9B) . The DE spectrum Core 1 307 bottom SHU has similarities to that from cultured microbes (Simpson et al., 2007a) , as 308 demonstrated in Fig. 10 . There are strong similarities in the amide, aromatic amino acids, 309 amino acid side chain, α-protons from peptides, lipoprotein, (CH 2 ) n and CH 3 chemical shift 310
regions of both spectra (3.5 -4 ppm is attenuated in the SHU spectrum due to the suppression 311 of the water signal, see the experimental section).The conventional 1 H spectra (Fig. 9A) show 312 signals that could be from lipoprotein (2.25ppm) and from peptidoglycan (a shoulder on the 313 large aliphatic peak at ca. 1.5 ppm), in all four samples (especially Core 4 SHU isolates). 314
These molecules have some molecular mobility and such biological molecules are found in 315 microbial cell walls. 316
Discussion
317
Macromolecules produce complex spectra; therefore, a number of NMR techniques were 318 used to understand the composition of the natural OM (NOM, both labile and recalcitrant 319 components) in sediments from an estuarine environment. 320
Aliphatic hydrocarbons 321
As shown in previous studies (e.g. Rice can be attributed to inputs of biological lipids from microbial cells, as evidenced in Fig. 10 . 335
Protein and carbohydrate 336
Carbohydrate and protein signals arise from rigid, macromolecules (Fig. 2c, Fig. 9B ). Their 337 incorporation into the HU fractions indicates that these biomolecules are preserved long term 338 in the sedimentary OC pool. Carbohydrates account for a large fraction of the DCF sample 339 (Fig. 7A, B) ; however, these are significantly degraded or transformed in the HU fraction. 340
Protective mechanisms, such as: (i), being part of the cutan structure; (ii), physical protection 341 provided by clay minerals; (iii), or inclusion and associations with lipid material must 342 account for the retention of the carbohydrate. There is much evidence in the resonances for peptidoglycan and lipoproteins (Fig. 9A) , and the HU spectrum had 353 similarities to that of fresh microbes (Fig. 10) . (Fig. 8B) There are broadly similar C distributions in all the fractions (Fig. 7A) from Core 1 top. The C 366 distribution in the clay matches that of the HUs and the DCF, suggesting that little alteration 367 is introduced by sample pre-treatment or extraction. The 13 C NMR spectra for DCF (Fig. 7A,  368 7B) have good resolution relative to those for the clay sample, and the S/N is sufficient to 369 allow for OM to be studied in its natural state. HUs than in the DCF. Resonances between 160 and 180 ppm in the HUs are more likely to 383 be from ester and amide functionalities. 384
The amorphous (CH 2 ) n present in the swollen spectra (Fig. 7B ) could be highly dense 385 and cross linked, making it difficult for solvent/microbes to access (Deshmukh et al., 2003). 386
The (CH 2 ) n species that remain solid, even in the presence of DMSO (Fig. 7B ), may be a key 387 to the recalcitrant nature of the OM in the environment. 388
The SHU and IHU spectra (Fig. 7A ) are remarkably similar despite the different 389 isolation methods used. This highlights the benefit of using the DMSO-H 2 SO 4 extraction 390 method instead of the HF method as the isolates from the two extraction processes are 391 effectively the same.
392
The major resonances in the 13 C NMR spectra of the IHU in the solid and in the 393 swollen states were similar. IHU is likely to be more macromolecular because soluble, labile 394 compounds would have been removed in the extraction solvent. Carbohydrate and acidic 395 functional groups signals are decreased (in the swollen state) on swelling as their molecular 396 mobility is increased thorough contact with DMSO-d 6 . Some carbohydrate signals remain, 397 possibly due to the presence of crystalline cellulose, or possibly to the presence of large 398 fragments of cellulose, from algae and higher plants, that cannot be fully swollen. 399
Traditional considerations of organic preservation in the environment 400
As evident from the data presented, a comparison between the HUs and the DCF samples 401
indicates that certain biomolecules are degraded quickly in the environment, whereas some 402 molecules are retained and concentrated in the long term C sink (Fig. 7A) . Protein, 403 originating mainly from microbial biomass, makes an important contribution to the 404 recalcitrant OC material sequestered in the environment, as evidenced in Fig. 3 and Fig. 10 . 405 Microbial debris has been shown to survive in sediments for very long periods of time 406 (Parkes et al., 2005 B, Zoom of aliphatic region of HSQC. Assignments: (1), CH 3 from amino acid side chains and terminal hydrocarbon groups; (2), aliphatic methylene to an acid or ester; (3), methylene unit β to an acid or ester; (4), (CH 2 ) n ; (5), methylene unit adjacent to carbonyl in lipids; (6), DMSO. Tables   Table 1 Coring location, sea depth and age of sediments from Core 1 and Core 4.
Table 2
Elemental composition, C/N ratios and ash compositions of the clay, the demineralised claysized fraction (DCF), the insoluble humin (IHU), and the soluble humin (SHU) from Core 1 and Core 4.
Table 3
Integrated area of resonances from solid state 13 C NMR of soluble humin (SHU), insoluble humin (IHU), demineralised clay-sized fraction (DCF) and clay-sized fraction (clay) from Core 1 and Core 4. 
